Coherent perfect absorber (CPA) was proposed as the time-reversed counterpart to laser: a resonator containing lossy medium instead of gain medium can absorb the coherent optical fields completely. Here, we exploit a monolayer graphene to realize the CPA in a non-resonant manner.
is found that quasi-CPA frequency, which is the necessary formation condition of coherent absorption, does exist in the terahertz regime for monolayer graphene. By introducing a proper two-channel coherent modulation on the input beams, we can perfectly suppress the scattering of coherent beams and thus make a terahertz CPA. The angular selectivity in a wide frequency band and the flexibility of the doping influenced CPA working-frequency of the monolayer graphene sheet are of interests for tunable terahertz/infrared detections and signal modulations. The designed monolayer graphene CPA is shown schematically in Fig. 1 , a monolayer graphene is free-standing in vacuum, and it is illuminated by two counter-propagating and coherently modulated input beams (I + and I − ), O + and O − are the respective output magnitudes. The monolayer graphene sheet is lying on the xy-plane, and throughout our study the graphene sheet is illuminated with s-polarized (electric vector E is parallel to the y-axis) or p-polarized (magnetic vector H is parallel to the y-axis) optical waves, θ as illustrated in Fig. 1 is the incident angle.
In the monolayer graphene system, the complex scattering coefficients (O ± ) can be related to the two input beams (I ± ) through a scattering matrix, S g , which is defined as:
where (t/r) + and (t/r) − are scattering elements of forward (irradiate towards right, I + ) and backward (irradiate towards left, I − ) beams, since the linear monolayer graphene under investigation is of reciprocity and spatial symmetry, the scattering matrix can be simplified with t ± = t and r ± = r. And in this paper, we only consider phase modulation of the coherent input beams, i.e., the two coherent input beams are set to be of equal amplitude I, then the amplitude of the scattering coefficients would be
In a terahertz coherent perfect absorber, coherent modulation of the input beams performance is required to inhibit the scatterings and thus stimulate the complete absorption of coherent terahertz beams, which requires tIe iφ + = rIe iφ − , we see that |t| = |r| is the necessary condition for acquiring CPA performance.
A monolayer graphene can be approximatively treated as an optical interface with complex surface conductivity (σ g ), since a one-atom-thick graphene sheet is sufficiently thin compared with the concerned wavelength. When the graphene is illuminated, the surface current will be excited by the incident waves, and it is solely determined by the dynamic surface conductivity. Complex coefficients of forward and backward propagating electromagnetic fields through a conductive graphene sheet can be related with the assistance of Ohm's law. The scattering elements t and r at normal incidence are given by
where η 0 is the wave impedance of free space, and σ g , the complex conductivity of the graphene is adopted from a random-phase-approximation (RPA) 27 , which can be well described by a Drude model 28, 29 (3) and (4) with the aforementioned dynamic conductivity (in our theoretical considerations, we first took E F = 0.5 eV, as that in Ref. 26 , which is quite close to experimental data), are plotted in Fig. 1(b) . There exists a frequency (1.735 THz), which we call quasi-CPA point, where |t| 2 = |r| 2 implies the formation condition for suppressing the scattering fields to completely absorb coherent input beams of equal-intensity.
To further investigate the coherent absorption process with a monolayer graphene, we plot false-color map of the normalized total output intensity spectra in Fig. 2(a) , which shows the detailed dependence on the phase modulation ∆φ = φ + − φ − of the beams I ± . It is seen that proper phase modulation (∆φ = 0.435π) of the input coherent beams leads to significant suppression of the scattering outputs at the quasi-CPA frequency (1.735 THz).
The corresponding normalized total output intensities for the CPA frequency is plotted as a function of phase modulation ∆φ in Fig. 2(b) . At the quasi-CPA frequency, we can see Normalized total output intensities as a function of frequency at the CPA frequency. in Fig. 2(b) , we have M(1.735 THz) ≈ 10 6 , which is an impressive modulation owing much to the thin-sheet feature that permits destructive suppression of the fields in the monolayer graphene.
Angular selectivity, or spatial dispersion, is a fundamental and important property for the realization of light selection 30 . We found that the monolayer graphene based CPA is of angularly sensitivity, which can be beneficial for broadband angular tunability. For oblique incidence, both orthogonal s− and p− polarized modes should be considered for the scattering problem. We get the quasi-CPA frequencies by employing the transfer matrix formalism, figure 3 clearly shows that the CPA frequencies split into two frequency branches for orthogonal s and p polarizations: for s-polarization, the CPA has a blue shift with respect to the normal incident CPA point, forming the upper band; while for the p-polarization, the CPA has a red shifts with respect to the normal incident CPA point, forming the lower band. The two bands touch each other and cover a wide band starting from zero frequency.
The dependence of Fermi energy on the charge-carrier density n is predicted (with a quantum theoretical treatment of electron dynamic response in graphene) as:
which has been tested experimentally by direct terahertz to mid-IR spectroscopic measurements. The charge-carrier density can be easily changed through electrostatic doping In summary, we show that non-resonant two-dimensional carbon material-graphene can be employed for perfectly suppressing scattering of terahertz radiations for coherent perfect absorber (CPA). Meanwhile the CPA with a monolayer graphene is of broadband angular selectivity, and two frequency branches for orthogonal s and p polarizations degenerate at the quasi-CPA frequency for normal incidence and combine a broad band starting from zero frequency. Furthermore, the CPA can be tuned in a wide range via changing the chargecarrier density through electrostatic doping (gate voltage). The idea of graphene based CPA is general for two-dimensional conductive material systems, abd we expect potential applications in terahertz/infrared detections and signal processing with non-resonant twodimensional materials.
